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The presence of poliovirus (PV)-specific CD4� T cells in individuals vaccinated against polio has been
shown, but CD8� T-cell responses have not been described. Here, we functionally characterize the CD4� T-cell
response and show for the first time that dendritic cells and macrophages can stimulate PV-specific CD8�

T-cell responses in vitro from vaccinees. Both CD4� T and CD8� T cells secrete gamma interferon in response
to PV antigens and are cytotoxic via the perforin/granzyme B-mediated pathway. Furthermore, the T cells also
recognize and kill Sabin 1 vaccine-infected targets. The macrophage-stimulated CD4� T and CD8� T cells
most likely represent memory T cells that persist for long periods in vaccinated individuals. Thus, immunity
to PV vaccination involves not only an effective neutralizing antibody titer but also long-term CD4� and CD8�

cytotoxic T-cell responses.

Immunity to poliovirus (PV) as a result of a vaccination
regimen with oral Sabin vaccine (OPV) and/or inactivated Salk
vaccine (IPV) has been the focus of many studies. The majority
of these studies have been directed towards the protective
neutralizing antibody response in various populations world-
wide (6, 10, 15, 28, 45, 49); less attention has been given to
adaptive T-cell responses and the probable role of these cells
in the resolution of PV infection.

T-cell responses to PV have been studied primarily in mice.
These studies have identified several epitopes in PV structural
proteins that are recognized by murine CD4 and CD8 T cells
(17, 21, 23, 26). As normal mice lack the human poliovirus
receptor (PVR) and are not, therefore, susceptible to poliovi-
rus infection, the role of the PV-specific T cells in protective
immunity in these mice could not be determined. However,
adoptive transfers of PV-specific CD4 T cells into PVR-trans-
genic mice that are susceptible to PV infection showed that
CD4 T cells do indeed provide protection against infection by
lethal doses of PV and that these CD4 T cells provide help to
B cells to produce protective antibodies (26). In contrast, stud-
ies identifying PV-specific T cells present in humans, the nor-
mal host for PV, have been limited. It is clear that PV-specific
CD4 T cells are induced in vaccinated individuals, and some
CD4 T-cell epitopes have been defined (13, 43). There are no
previous reports that a CD8 T-cell-mediated response to PV is
initiated in vaccinated individuals, even following recent IPV
boosters (20), or in primates that are susceptible to PV infec-
tion.

The induction of cytotoxic CD8 T cells is a cornerstone of
viral immunity, as CD8 T cells are important in viral clearance.
Dendritic cells (DCs) and macrophages (M�) are central to
the initiation of CD4 and CD8 T-cell responses to pathogens.
We have recently shown that these critical antigen-presenting

cells (APCs) express PVR and can be productively infected
with PV, with kinetics and cytopathology similar to those seen
during infection of HeLa cells, and that infection results in
apoptotic cell death (48). Several processes that are important
in the presentation of antigen and stimulation of T cells are
inhibited in infected APCs, including the inhibition of host
protein synthesis and receptor-mediated endocytosis. The se-
cretory pathway is inhibited in PV-infected cells and, thus,
presentation of antigens in the context of HLA class I mole-
cules on the surface of the infected cells is significantly reduced
(5, 7). This suggests that the absence of documented PV-
specific CD8 T-cell responses was due to the inability of PV-
infected APCs to present endogenous peptides on HLA class I
molecules. Thus, we were interested as to whether infected
APCs could stimulate CD8 T-cell responses in vitro from in-
dividuals who have received OPV.

We show here that PV-specific CD4 and, surprisingly, CD8
T-cell responses are recovered following in vitro stimulation
with PV-infected or antigen-loaded DCs. Both CD4 and CD8
T cells secrete gamma interferon (IFN-�) in response to PV
antigens and are cytotoxic via the perforin/granzyme B-medi-
ated pathway. We further show that PV-infected or antigen-
loaded M� could also stimulate PV-specific CD4 T-cell and
CD8 T-cell responses, suggesting that vaccination with OPV
results in the induction of long-lasting PV-specific CD4 and
CD8 memory T-cell responses.

MATERIALS AND METHODS

Donors. This study was approved by the Institutional Review Board of the
University of Arkansas for Medical Sciences with a minimal-risk-for-adults rat-
ing. Six adult volunteers (between the ages of 25 and 65 years) each donated 1
unit of blood for this study. According to the health questionnaire completed by
the donors, they had all received OPV, with the exception of one donor who had
received both OPV and IPV.

Virus stocks. Poliovirus serotype 1 strains were used for all studies. Mahoney
(PVM) and Sabin 1 (PVS) viral stocks were propagated as previously described
from a plaque obtained by transfection of the infectious cDNAs into HeLa cells
(39).

Antibodies. Monoclonal antibodies (MAbs) directed against human surface
markers CD1a, CD14, CD54, CD58, CD68, CD83, CD86, HLA-DR, and HLA
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class I (Caltag Laboratories, Burlingame, CA) and against CCR7 and CD45RO
(BD Biosciences, San Diego, CA) were used at supplier-recommended concen-
trations. All were either phycoerythrin- or fluorescein-conjugated antibodies.
Antibody-stained cells were analyzed by FACSCalibur (BD Biosciences) using
CellQuest Analysis software.

UV-inactivated poliovirus (uvPV). Poliovirus infectivity was inactivated using
the UV Cross-linker FB-UVXL-1000 (Fisher Biotech, Pittsburgh, PA). The
Mahoney strain was irradiated in serum-free RPMI (109 PFU/ml; 35-mm dish)
on ice at a distance of 10 cm for 10 min at optimal cross-linking values (1,200
units � 100 �J/cm2). These conditions are sufficient to reduce the viral infectivity
to below that detectable by plaque assays on confluent HeLa cell monolayers
(data not shown). Binding assays showed that UV inactivation did not alter the
ability of radiolabeled virus to bind the PVR on HeLa cells (data not shown).

Monocyte isolation and dendritic cell and macrophage culture. Peripheral
blood mononuclear cells (PBMCs) from individual donors were isolated from
heparinized blood by centrifugation on Ficoll-Hypaque (Bio-One, Inc., Long-
wood, FL). The buffy coats were washed twice with phosphate-buffered saline
(PBS) and resuspended in RPMI 1640 medium (Invitrogen Life Technologies,
Carlsbad, CA) supplemented with 2 mM glutamine and 10% human AB serum
(Valley Biomedical, Inc., Winchester, VA) (RPMI-10). Monocytes from the
PBMCs were allowed to adhere to plastic in six-well dishes for 2 h at 37°C and
7% CO2, and APCs were cultured according to established protocols (34, 38).
The nonadherent cells were subsequently used to culture T cells (see below).
Monocytes were cultured in fresh RPMI-10 containing 800 U/ml granulocyte-
macrophage colony-stimulating factor and 500 U/ml interleukin 4 (IL-4; R&D
Systems, Minneapolis, MN) for 5 days to obtain immature DCs. Mature DCs
were generated from immature DCs by the addition of 1,000 U/ml tumor ne-
crosis factor alpha (TNF-�; R&D Systems) and 1 mM prostaglandin E2 (Sigma
Chemicals, St. Louis, MO) for 48 h. To generate M�, monocytes were main-
tained in RPMI-10 containing 100 U/ml macrophage colony-stimulating factor
(R&D Systems) for 6 days. All cultures were supplemented with fresh medium
and cytokines every 3 days. Monocyte-derived cells were maintained at 37°C and
7% CO2. The phenotypes of the resultant DC (CD14�, CD83�, HLA-DR�,
HLA class I�, CD86�, CD54�, CD58�) and M� (CD14�, CD1a�, and CD68�)
populations were confirmed by flow cytometry. The resultant populations were
greater than 95% pure.

Poliovirus-infected and uvPV-loaded APCs. Adherent M� were removed from
culture plates following the 15-min treatment with 50 mM EDTA-PBS at 37°C
and then washed with PBS before they were infected with PV. Mature DCs are
nonadherent and were gently aspirated off the culture plates. Infectious PV was
bound to APCs on day 7 of culture at a multiplicity of infection of 10 for 30 min
at room temperature in serum-free RPMI 1640 supplemented with 2 mM glu-
tamine (C-RPMI). The inoculum was removed by aspiration, and infection was
initiated with the addition of medium prewarmed to 37°C. The infected mature
DCs (DC-PV) or M� (M�-PV) were used to stimulate T-cell cultures (see
below). To generate uvPV-loaded APC cultures, an amount of uvPV equivalent
to a multiplicity of infection of 10 was bound to immature DCs (on day 5 of
culture) or adherent M� (on day 6 of culture) for 30 min at room temperature
in C-RPMI, followed by the addition of prewarmed medium (plus maturation
cytokines for the DCs). The uvPV-loaded M� (M�-uvPV) or DCs (DC-uvPV)
were cultured further for 24 or 48 h, respectively, prior to their use to stimulate
T cells. M�-uvPV were removed from the plates with 50 mM EDTA-PBS
treatment prior to their addition into T-cell cultures.

T-cell isolation and culture. Monocyte-depleted peripheral blood lymphocytes
were grown in RPMI-10 at 37°C and 7% CO2, and recombinant human IL-2 (20
units/ml) was added after the first 7 days of culture. For each donor, four
autologous T-cell cultures (107 peripheral blood lymphocytes plus 5 � 105 to 1
� 105 DC or M� in 10 ml RPMI-10) were initiated, using four different APC
cultures (DC-PV, DC-uvPV, M�-PV, or M�-uvPV). After 7 days, the T cells
were restimulated (passage 2 [P2]) with the appropriate infected or uvPV-loaded
DCs or M�. During P2 and P3, the cultures were maintained in 20 to 30 U/ml
IL-2. In all subsequent passages (P3 to P8), the T-cell cultures were passaged
every 14 days and the infected or uvPV-loaded APCs were � irradiated (2,500
rads) prior to their use.

After three passages, the proportion of CD4 and CD8 T cells present was
analyzed by flow cytometry, and CD4 and CD8 T cells were purified from each
of the four P3 T-cell cultures (T cells that were cultured by stimulating with
DC-PV [TDC-PV], DC-uvPV [TDC-uvPV], M�-PV [TM�-PV], and M�-uvPV
[TM�-uvPV]) by positive selection using magnetic beads (Dynal Biotech, Inc.,
Lake Success, N.Y.) according to the manufacturer’s instructions. After purifi-
cation, the T cells (typically 98% pure as determined by flow cytometry) were
resuspended in RPMI-10 and passaged every 14 days with the corresponding
�-irradiated APCs (DC-PV, DC-uvPV, M�-PV, or M�-uvPV). The CD4 T-cell

cultures were maintained in 50 U/ml IL-2 and the CD8 T cells in 100 U/ml IL-2,
with fresh IL-2 being added every 2 to 3 days.

Proliferation assays. T cells (104 cells/well) were incubated for 4 days in
quadruplicate wells (200 �l/well in U-bottomed 96-well plates; 37°C, 7% CO2) in
medium alone or in the presence of uninfected, uvPV-loaded, or infected APCs
(103 cells/well). Blocking MAbs (50 �g/ml, final concentration) specific for HLA
class II (L243) or HLA class I (W6/32) were added where indicated at the
beginning of the assay to test for HLA class II or class I restriction, respectively.
[methyl-3H]thymidine (1 �Ci/well, 35 Ci/mmol; ICN Biomedical, Inc., Irvine,
CA) was added during the last 16 h of the assay. The cells were harvested onto
glass fiber filters, and tritiated thymidine incorporation was measured with a
Matrix Direct Beta Counter 96 (Packard, Meriden, CT). Proliferation indices
(PI) were calculated by the following formula: PI � (cpmAPC�T -cpmAPC alone)/
cpmT alone.

Cytokine production. Uninfected, uvPV-loaded, or virus-infected APCs (ma-
ture DCs or M�; 104 cells/1 ml RPMI-10 in 12-well plates) were incubated
overnight with autologous CD4 or CD8 T cells (105 cells/well) at 37°C and 7%
CO2. As controls, T cells were incubated alone or with phorbol-12-myristate-13
acetate (PMA; 50 ng/ml) and ionomycin (500 ng/ml). Supernatants (500 �l) were
collected, centrifuged (10,000 � g for 30 s) to remove particulates, and frozen at
�20°C. The supernatants were analyzed for the presence of secreted cytokines
using a Human Th1/Th2 Cytokine Cytometric Bead Array system (BD Bio-
sciences), which allows the quantitative detection of multiple cytokines simulta-
neously from each sample. The samples were analyzed for IL-2, IL-4, IL-6, IL-10,
TNF-�, and IFN-� according to the manufacturer’s protocol. Levels of secreted
IFN-� in these supernatants were measured in duplicate samples also using the
Quantikine IFN-� enzyme-linked immunosorbent assay (ELISA) kit (R&D Sys-
tems) according to the manufacturer’s protocols. The assays were read with a
Microplate Autoreader (Bio-Tek Instruments, Winooski, VT) at 450 nm.

Cytotoxicity assays. Both the 51Cr release and granzyme B assays were per-
formed using targets that were mock-infected DCs, uvPV-loaded DCs, DCs
infected with PVM or PVS for 2 h, or the human NK-sensitive K562 cells. For the
51Cr release assay, the target cells were labeled by incubating with chromium-51
(50 �Ci/106 cells and 200 �l PBS) (NEN Perkin-Elmer, Boston, MA) for 1 h at
37°C and 7% CO2, washed, resuspended in RPMI-10, and incubated in triplicate
(104 target cells/well) with various ratios of T-cell effectors. The assays were
harvested after 3 h at 37°C and 7% CO2 and the supernatants counted. Where
indicated, an HLA-specific blocking MAb (L243 or W6/32; 50 �g/ml, final con-
centration) or concanamycin A (CMA; 16 �M, final concentration) was added at
the beginning of the assay. Percent-specific 51Cr release from lysed target cells
was calculated as follows: 100 � [cpm (sample release) � cpm (spontaneous
release)]/[cpm (total release) � cpm (spontaneous release)]. Spontaneous 51Cr
release from uninfected targets in the absence of T cells was 	10%. The release
of granzyme B by the T cells in response to antigen-loaded or PV-infected targets
was also examined, by collecting supernatants from wells containing T cells (105

cells/well in quadruplicate) and DCs (104/well) incubated as described for the
cytotoxicity assays. The levels of granzyme B released during the T-cell and DC
interactions were assessed using the Pelikine Compact Human Granzyme B
ELISA kit (Research Diagnostics Inc, Flanders, N.J.) according to the manufac-
turer’s protocol.

RESULTS

Previous methods to identify PV-specific T-cell responses in
polio vaccinees employed irradiated PBMCs as APCs (43). As
the majority of the PBMCs (B and T cells) do not express the
poliovirus receptor and so cannot be infected by PV, they were
infected with recombinant vaccinia viruses which expressed PV
capsid proteins as a source of viral antigen (43). Although CD4
T cells were identified from these cultures, virus-specific CD8
T cells were not reported. However, it has recently been dem-
onstrated that professional APCs, such as DCs and M�, can
efficiently stimulate CD4 and also CD8 T cells specific to a
variety of antigens (31, 33, 41, 42). This provided an opportu-
nity to characterize further the poliovirus-specific CD4 and,
potentially, CD8 T-cell populations that could be induced in
polio vaccinees.

DCs differ from M� in that DCs are able to induce both
primary and secondary T-cell responses, whereas M� are in-
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efficient stimulators of naı̈ve T cells but can stimulate second-
ary recall responses from memory T-cell populations (2, 14).
To determine the presence of PV-specific memory T cells in
PV-vaccinated individuals, we used infected M� to stimulate
T-cell cultures in vitro. Thus, the characterization of the T-cell
populations induced by infected DCs and M� should provide
a comprehensive study of the PV-specific T-cell-mediated re-
sponse in vaccinated individuals. A potential limitation of this
approach, however, is that both DCs and M� can be produc-
tively infected by PV, which inhibits several important cellular
functions associated with antigen processing and presentation
(48). To allow for this limitation, T-cell cultures were initiated
also with APCs loaded with noninfectious uvPV, in parallel to
the cultures using APCs infected with the Mahoney strain of
PV. The specificity and functions of the resultant T-cell pop-
ulations were characterized following four to five passages with
either PV-infected or uvPV-loaded APCs.

DCs can be used to stimulate PV-specific T cells. In contrast
to previous studies and our expectations, PV-specific CD8 T
cells as well as CD4 T-cell populations were obtained for all
donors from cultures stimulated with either PV-infected DCs
(DC-PV) or uvPV-loaded DCs (DC-uvPV). The specificity of
these T-cell subsets was initially determined by proliferation
assays (Fig. 1). T cells that were cultured by stimulating with
DC-PV (Fig. 1A, TDC-PV) or DC-uvPV (Fig. 1B, TDC-uvPV)
proliferated specifically in response to DCs loaded with uvPV.
PV-specific proliferation of both CD4 and CD8 T-cell subsets
could be lowered by the appropriate HLA-blocking antibodies,

demonstrating that the T cells proliferated in an HLA-re-
stricted manner.

Although the CD8 T-cell populations proliferated readily in
response to uvPV-loaded DCs in these assays, there were no-
ticeable differences in the growth of different CD8 T-cell pop-
ulations between donors. CD8 TDC-uvPV cells consistently grew
well in culture. In contrast, CD8 TDC-PV cells did not grow well
in culture and could not be grown reproducibly to passages
beyond P4/5. This suggested that the T cells were not being
efficiently stimulated in vitro by the infected DCs and is con-
sistent with previous data showing that antigen presentation by
HLA class I molecules is inhibited in PV-infected cells (5). PV
infection of DCs may thus inhibit HLA class I presentation of
poliovirus antigens and prevent infected DCs from effectively
stimulating the CD8 T cells, thereby explaining the poor
growth of the CD8 TDC-PV cells in vitro. CD4 T-cell popula-
tions were obtained upon culture with either infected or uvPV-
loaded DCs. This is consistent with previous data indicating
that PV infection of DCs does not affect HLA class II presen-
tation of viral antigen and, thus, that infected DCs should be
able to effectively stimulate CD4 T cells (48).

Macrophages can stimulate PV-specific memory T cells. As
DCs can stimulate both primary and secondary T-cell re-
sponses, it was unclear whether the PV-specific cells stimulated
by DCs were recall responses from the memory pool or pri-
mary responses from naı̈ve T cells. M� are not known to be
efficient stimulators of antigen-specific primary T-cell re-
sponses (12, 24, 25, 35). Thus, virus-specific T-cell cultures
arising from coculture with M� most likely originate from a
memory T-cell population in the vaccinated donors. The exis-
tence of this memory population is consistent with data from
Krieg et al. demonstrating the presence of gut-homing PV-
specific T cells in donors boosted with killed vaccine just prior
to initiation of that study. The PV-specific T cells characterized
in the study were mainly of the effector memory phenotype
(CD4�CD45RO�CCR7�) (20). PV-specific T cells were in-
duced in cultures stimulated by M�-PV or M�-uvPV. The
specificity of the CD4 and CD8 T cells was determined in
proliferation assays. CD4 T cells cultured by stimulating with
M�-PV (Fig. 2A) or M�-uvPV (Fig. 2B) proliferated specifi-
cally in response to M� loaded with uvPV and were thus
considered to have been expanded from a pool of PV-specific
memory CD4 T cells. Consistent with this interpretation, these
cells when analyzed by flow cytometry were positive for expres-
sion of CD45RO and negative for CCR7 (data not shown).
CD8 T cells from cultures stimulated with M�-PV did not
proliferate in response to uvPV-loaded M� (Fig. 2A). Surpris-
ingly, however, CD8 T cells cultured by stimulating with M�-
uvPV (Fig. 2B) proliferated specifically in response to uvPV-
loaded M�. CD8 T cells responsive to M�-uvPV were found
for all donors. The demonstration of the presence of virus-
specific CD8 T cells (CD8 T cells that can be expanded in vitro
upon stimulation with M� loaded with uvPV) in all donors
suggests that vaccinated individuals retain long-term PV-spe-
cific CD8 T-cell memory.

The isolation of virus-responsive CD4 and CD8 T-cell pop-
ulations as a result of DC or M� stimulation provided an
opportunity to characterize the phenotypes of these cells. As
DCs can stimulate naı̈ve T cells, it is possible that the DC-
stimulated cultures may give rise to a population of T cells in

FIG. 1. Dendritic cells stimulate proliferation of PV-specific T
cells. CD4 and CD8 T cells were grown in culture by stimulation with
DC infected with live PV (TDC-PV) (A) or DC loaded with uvPV
(TDC-uvPV) (B). CD4 and CD8 T cells from these cultures were incu-
bated with either DCs alone (white bars) or with DC-uvPV cells (black
bars). Cells were also incubated with DC-uvPV in the presence of
HLA class II (CD4 T cell)- or HLA class I (CD8 T cell)-blocking
antibodies (gray bars). After 72 h, the induced proliferative responses
were measured by [3H]thymidine incorporation for 16 h. Representa-
tive results from a single donor are shown.
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vitro that is significantly different from a memory population of
cells stimulated by M�. In examining the phenotype of these T
cells, we asked two specific questions. First, were there phe-
notypic and functional differences between the T cells obtained
from the DC and M� (live PV-infected or uvPV-loaded) stim-
ulated cultures? Second, could PV-specific T cells recognize
and kill virus infected cells? That is, can the virus-specific CD4
and CD8 T cells play a role in virus clearance and, therefore,
in protective immunity? The cells were analyzed in parallel to
determine whether the T cells obtained from DC cultures were
similar to the PV-specific memory T-cell population obtained
from M� cultures and whether the CD4 and CD8 T cells were
able to recognize and kill PV-infected cells.

CD4 T cells secrete IFN-� in the presence of PV antigens.
CD4 T cells can be polarized towards the Th1 or Th2 cell
phenotype, characterized largely by cytokine expression (29).
The PV-specific T cells were examined for their cytokine pro-
file using a Human Th1/Th2 Cytokine Cytometric Bead Array
system. This allowed the simultaneous analysis for the pres-
ence of IL-2, IL-4, IL-6, IL-10, TNF-�, and/or IFN-� in the
medium of antigen-stimulated T cells. The cytokines produced
by each of the CD4 T-cell populations (DC-PV, DC-uvPV,
M�-PV, and M�-uvPV) upon stimulation with viral antigens
were IL-2, TNF-�, and IFN-�, all characteristic of the strongly
antiviral Th1 phenotype (Table 1). The results shown in Table
1 are the levels of cytokines secreted in response to uvPV-
loaded DCs from CD4 TDC-uvPV. T cells alone produced no
cytokine and in the presence of DC alone produced negligible
levels of cytokine (	30 to 50 pg/ml). Although the levels of

each cytokine produced varied by donor, the Th1 phenotype
was true of the various CD4 T-cell types from all of the donors.

Since virally infected cells in the body can be cleared by T
cells that secrete IFN-� (3, 32, 40, 46), the ability of PV-specific
CD4 T cells to produce IFN-� was examined further. IFN-�
levels in the culture media were measured following coculture
of CD4 T cells with APCs either infected with PV or loaded
with uvPV. The CD4 TDC-PV cells (Fig. 3A) and CD4 TM�-PV

cells (Fig. 3B) produced IFN-� when incubated with DC-uvPV.
CD4 TDC-uvPV (Fig. 3C) and CD4 TM�-uvPV (Fig. 3D) behaved
in a manner similar to CD4 TDC-PV and CD4 TM�-PV. The
responses could be blocked by HLA class II-specific MAbs,
demonstrating that this response was dependent on the pre-
sentation of antigen in the context of HLA class II molecules.

FIG. 2. Macrophages stimulate proliferation of PV-specific mem-
ory T cells. CD4 and CD8 T cells were grown in culture by stimulation
with M�/(TM�-PV)/(TM�-uvPV) infected with live PV (A) or M� loaded
with uvPV (B). CD4 and CD8 T cells from these cultures were incu-
bated either with M� alone (white bars) or with M�-uvPV (black
bars). T cells were also incubated with M�-uvPV in the presence of
HLA class II- or HLA class I-blocking antibodies as appropriate (gray
bars). After 72 h, the proliferative response of the cells was measured
by the levels of [3H]thymidine incorporated during 16 h. Results from
a single donor are represented.

TABLE 1. Concentrations of cytokines from CD4 TDC-uvPV cells
from CBA analysisa

Donor
Cytokines concn (pg/ml)

IFN-� TNF-� IL-10 IL-6 IL-4 IL-2

1 1,454 990 5 3 30 104
2 549 128 1 14 19 158
3 1,973 
5,000 116 
5,000 197 4,900
4 1,699 443 0 6 28 3,230

a CBA analysis was performed with the T cells of only four of the six donors.
The results for all six donors were confirmed by ELISA.

FIG. 3. PV-specific CD4 T cells secrete IFN-� in the presence of
PV antigens. CD4 TDC-PV (A), CD4 TM�-PV (B), and CD4 TDC-uvPV
(C) cells were incubated overnight with DCs alone (DC), infected DCs
(V), or DC-uvPV (uv-PV). CD4 TM�-uvPV (D) cells were incubated
overnight with M� alone (M�), infected M� (V), or M�-uvPV (uv-
PV). Cells were also stimulated with PMA and ionomycin (P�I) as a
positive control or incubated with HLA class II-blocking antibody
(�Ab). Supernatants were collected. IFN-� levels were assayed by
ELISA. Representative data for cells of one donor are shown.
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Thus, irrespective of the APC (DC versus M�) or the source of
antigen (infection versus loading of UV-inactivated virus) used
to culture the CD4 T cells, these CD4 T cells, when cocultured
overnight with uvPV-loaded APCs, produced similar and large
amounts of IFN. These results suggest that PV-specific CD4 T
cells may play an active role in viral clearance, which is distinct
from the established ability of these cells to aid in the produc-
tion of PV-specific antibodies (26).

CD4 T cells are cytotoxic. In addition to the production of
IFN-�, the PV-specific CD4 T cells were examined for their
cytolytic abilities in 51Cr release assays (Fig. 4). The DC-stim-
ulated CD4 T cells (Fig. 4A and C) and the M�-stimulated
CD4 T cells (Fig. 4B and D) lysed uvPV-loaded DC targets.
Interestingly, CD4 TM�-uvPV from all donors appeared to have
higher cytotoxic activity to DC targets loaded with uvPV (Fig.
4D). The reason for this is unclear. Recognition and lysis by all
PV-specific responder CD4 T cells could be decreased by the
presence of an HLA class II-blocking antibody, L243 (data not
shown). Lysis was also determined to be mediated at least in
part by the perforin pathway, as the presence of CMA de-
creased lysis of uvPV-loaded targets (Fig. 4A and C). CMA
acts by inhibiting perforin-dependent cytotoxicity through the
elevation of granule pH and the accelerated destabilization
and degradation of perforin (16).

The M�-uvPV and M�-PV CD4 T cells recognized and
lysed infected DC targets (Fig. 4B and D). Although the per-
centage of lysis was low (Fig. 4A and C), the CD4 T cells

cultured using infected or uvPV-loaded DCs showed levels of
cytotoxicity similar to those seen with the M�-stimulated CD4
T cells. The CD4 T cells were consistently cytotoxic to DC
targets infected with either the PVM or PVS strain (Fig. 4A
and C), demonstrating that the T cells not only recognized
infected targets but also that PV-specific CD4 T cells were
cross-reactive to the vaccine (PVS) and its wild-type parent
(PVM) strain of PV. Lysis of infected targets was mediated at
least in part via the perforin/granzyme B pathway, as demon-
strated by the decreased lysis of infected targets in the pres-
ence of CMA (Fig. 4B and D). In separate ELISAs to detect
granzyme B, CD4 T cells also released granzyme B upon stim-
ulation with infected or uvPV-loaded APCs (data not shown),
further confirming that the perforin/granzyme B-mediated
pathway is triggered upon antigen recognition.

Overall, regardless of whether they are possibly de novo
stimulated or derived from memory T cells, the CD4 T cells are
Th1 polarized, produce IFN-� in response to PV antigens, and
are cytolytic via the perforin/granzyme B pathway. The ability
of PV-specific CD4 T cells to recognize PV-infected targets,
produce IFN-�, and subsequently lyse these targets suggests a
much broader role for CD4 T cells in immunity to PV than has
been hitherto recognized. In addition, PV-specific memory
CD4 T cells appear to be long-lasting, as virus-specific T cells
can be expanded in vitro by antigen-loaded M� even from
individuals who were vaccinated several decades prior to the
initiation of this study.

CD8T cells produce IFN-�. While there is an established
role for PV-specific CD4 T cells in protective immunity to PV,
the CD8 T cells described in this study represent the first
documentation of a PV-specific CD8 T cells response in hu-
mans. To examine the potential contributions of the PV-spe-
cific CD8 T cells to viral immunity, specific production of
IFN-� and cytotoxic ability was measured. The CD8 TDC-uvPV

cells (Fig. 5C) and CD8 TM�-uvPV (Fig. 5D) secreted significant
levels of IFN-� in response to uvPV-loaded APCs. CD8
TDC-PV cells (Fig. 5A) produced very low levels of IFN-� in
response to uvPV-loaded DCs; however, IFN-� production by
this stimulated population varied among the donors. Consis-
tent with the failure to generate a PV-specific proliferative
response (Fig. 2A), the CD8 TM�-PV cells did not produce
significant levels of IFN-� in response to uvPV (Fig. 5B). CD8
T-cell responses induced with virus-infected APC were thus
limited. The CD8 TM�-uvPV cells, that is, the CD8 T-cell pop-
ulation derived from the memory pool using UV-inactivated
virus, were the only ones which produced IFN-� (above levels
produced by T cells or DC/M� alone) in response to infected
cells. It is not clear why the CD8 TDC-uvPV cells did not pro-
duce IFN-� in response to infected cells. Nevertheless, these
experiments suggest the existence of PV-specific memory CD8
T cells that are responsive to viral antigen (that is, PV-infected
or uvPV-loaded DC or M�).

CD8T cells are cytotoxic. HLA class I-restricted CD8 T cells
are uniquely able and selected to control virally infected cells
by their efficient ability to detect viral peptides derived from
intracellular proteins and the subsequent elimination of in-
fected cells by cytolytic mechanisms (51). The potential role of
a memory CD8 T-cell population in the vaccinated population
in PV-specific immunosurveillance was further tested by exam-
ining the cytolytic ability of these cells in vitro using uvPV-

FIG. 4. PV-specific CD4 T cells lyse targets via a perforin-mediated
pathway. CD4 TDC-PV (A), CD4 TM�-PV (B), CD4 TDC-uvPV (C), and
CD4 TM�-uvPV (D) cells were used as effector cells at different ratios in
3-h CTL assays with chromium-loaded targets. Targets were DCs
alone (E); DCs infected with PVS (F), PVM (�), or PVM and CMA
(e); or DCs loaded with uvPV (�) or with uvPV and CMA (‚). As
controls, T cells were also incubated with DC-uvPV in the presence of
an HLA class II-blocking antibody (L243) or with K562 cells (not
shown). Representative results from the T cells of a single donor are
shown.
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loaded and/or infected targets. As described above, the CD8
TDC-PV and CD8 TM�-PV cells from all donors did not grow
well in culture and, consequently, could not be further char-
acterized for their cytolytic potential.

CD8 TDC-uvPV and CD8 TM�-uvPV were incubated at differ-
ent ratios with 51Cr-loaded DC targets in 3-h cytotoxic T-
lymphocyte (CTL) assays (Fig. 6) and showed similar specific-
ities and activities. PV-specific CD8 T cells recognized and
lysed uvPV-loaded targets (Fig. 6A and C). Especially note-
worthy is the fact that the CD8 T cells also lysed infected DC
targets (Fig. 6A and B). The CD8 TM�-uvPV recognized and
lysed PVS- or PVM-infected targets (Fig. 6B), suggesting that
the recall T-cell response was not only cross-reactive to both
strains of PV but also that the CD8 T cells present in vaccinees
may be important in immunity to the wild-type strain of virus.
The NK-sensitive cell line, K562, was not lysed to significant
levels by the CD8 T-cell populations (Fig. 6A and B). Further-
more, the T cells were HLA class I restricted, as demonstrated
by a decrease in the level of cytotoxicity in the presence of the
class I-specific blocking antibody W6/32 (Fig. 6B). The cyto-
toxicity was mediated mainly by the perforin-dependent path-
way (Fig. 6C), as demonstrated by the ability of CMA to
abrogate lysis of target DCs. The perforin/granzyme pathway is
essential for the control of many viral infections (37). The
ability of the PV-specific CD8 T cells to lyse targets via the
perforin-mediated pathway is consistent with data from a re-

lated picornavirus model, Theiler’s murine encephalitis virus
(30, 36).

In summary, both DC-stimulated and M�-stimulated CD8 T
cells (which appear to be expanded from an existing memory
pool in the vaccinated population) produce IFN-� in response
to PV antigens and have cytolytic ability via the perforin/gran-
zyme B pathway. The presence in vaccinated individuals of a
PV-specific cytotoxic CD8 T-cell population able to recognize
and lyse infected cells (irrespective of the production of IFN-
�), suggests a role for these cells in viral clearance and possible
long-term immunity to PV.

DISCUSSION

Durable, long-term immunity to PV is a well-documented
feature of oral polio vaccination. These studies demonstrate
that virus-specific CD8 as well as CD4 T-cell populations can
be recovered from individuals vaccinated with OPV. Both T-
cell populations are IFN-�-producing, cytolytic cells. The phe-
notype of these cells is relevant to their potential protective
roles against PV infection and virus clearance.

FIG. 5. PV-specific CD8 T cells specifically secrete IFN-�. CD8
TDC-PV (A), CD8 TM�-PV (B), and CD8 TDC-uvPV (C) cells were incu-
bated overnight with DCs alone (DC), infected DCs (V), or DC-uvPV
(uv-PV). CD8 TM�-uvPV cells (D) were incubated overnight with M�
alone (M�), infected M� (V), or M�-uvPV (uv-PV). T cells incubated
with uvPV-loaded APCs were incubated also with HLA class I-block-
ing antibodies (�Ab) or stimulated with PMA and ionomycin (P�I)
where indicated. Supernatants were collected and assayed for levels of
IFN-� by ELISA. Representative data for cells of one donor are
shown.

FIG. 6. PV-specific CD8 T cells are cytotoxic. CD8 TDC-uvPV
(A) and CD8 TM�-uvPV (B-C) were incubated at different ratios with
chromium-loaded targets in 3-h CTL assays. (A-B) Targets were DCs
alone (�), DCs infected with PVS (●) or PVM (�), and DC-uvPV (�).
As controls, T cells were also incubated with PVM-infected DCs in the
presence of an HLA class I-blocking antibody (W6/32) (e) and K562
cells (‚). (C) CD8 TM�-uvPV cells were incubated with DCs alone (E),
with DC-uvPV (�), and with DC-uvPV in the presence of CMA (‚).
Representative results from a single donor are shown.
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Induction of PV-specific CD8 T cells by APCs. CD8 T cells
can be induced via several different mechanisms. Although
virus-specific CD8 T cells were obtained from all donors, CD8
T cells cultured using PV-infected DCs or M� do not grow
well. This suggests that infected APCs may be impaired in their
ability to stimulate PV-specific CD8 T cells. Since the stimu-
lation of CD8 T cells requires presentation of antigen in the
context of HLA class I molecules on APCs, the impaired
growth of CD8 T cells in these cultures is consistent with
previous studies demonstrating that HLA class I presentation
is significantly reduced in infected cells (5). Of note is that, in
contrast to the M�-PV stimulated cultures, PV-infected DCs
were capable of inducing at least a limited CD8 T-cell response
(Fig. 1A), suggesting that DCs, although highly susceptible to
lytic infection by PV (48), retain at least some class I antigen-
presenting capability. Thus, it is possible that this capability of
infected DCs is important in the generation of PV-specific
CD8 T cells in vivo.

In addition, uninfected DCs can acquire viral antigens by
endocytosis of nonreplicating antigens (such as uvPV) or ap-
optotic vesicles (from infected cells), which are subsequently
cross-presented on class I molecules (19). Both receptor en-
docytosed (19, 44) and phagocytically endocytosed antigens
can be presented on HLA class I molecules on the surface of
DCs (9, 22). Although cross presentation in M� is not as well
documented (33, 44), we are able to stimulate CD8 T-cell
responses from both DCs and M� loaded with uvPV, indicat-
ing the existence of this pathway in M�. It should be noted that
we have not determined whether the cross-presentation of
uvPV by APCs occurs via binding to PVR, via the Fc receptors
(as there is a minimal level of anti-PV antibody present in the
human serum used in the T-cell cultures), or via simple phago-
cytosis. Also, it is not known how the PVR is recycled in the
APCs. However, for cross-presentation to occur, PVR com-
plexed with uvPV may enter a pathway similar to that of the Fc
receptors, which are known to facilitate cross presentation of
captured antigens (1, 8). Cross-presentation of endocytosed
polioviral antigens onto HLA class I molecules could result in
the induction of virus specific CD8 T cells.

Role of T cells in immunity to PV. The presence of PV-
specific CD4 T cells in vaccinated individuals is well docu-
mented (4, 43, 47), and virus-specific CD4 T cells are known to
provide help to B cells for the production of serotype-specific
PV antibodies. Our studies have suggested a more complex
role for CD4 T cells in immunity to PV. CD4 T-cell responses
are initiated via the cell surface presentation of endocytosed,
processed antigens in the context of HLA class II molecules on
the cell surface of APCs. In our experiments, PV and uvPV
bind to PVR and are subsequently endocytosed and presented
on HLA class II molecules. CD4 T cells are efficiently induced
by both infected and uvPV-loaded DCs and M� (Fig. 1 and 2).
The fact that infected APCs are able to induce PV-specific
CD4 T cells supports previous data that HLA class II presen-
tation remains relatively intact in infected APCs (48). There-
fore, it is likely that infection of APCs following administration
of the OPV results in effective induction of CD4 T-cell re-
sponses. The resultant CD4 T cells are not only important in
interacting with B cells to stimulate antibody production but
also are able to produce IFN-� and lyse infected target cells.
IFN-� production from these T cells is consistent with previous

findings, which showed that recently boosted adults have lym-
phocytes that proliferate specifically to Sabin antigens and
produce large amounts of IFN-� (20, 47). This cytotoxic capa-
bility has been observed also for CD4 T-cell responses to other
viruses (11, 18, 50). The cytolytic ability combined with its
production of IFN-� indicates that poliovirus-specific CD4 T
cells can play an active role in virus clearance.

An equally important facet of viral immunity is the presence
of a CD8 T-cell response. We have shown that PV-infected or
antigen-loaded M� stimulate PV-specific cytotoxic CD8 T-cell
responses. We further show that the CD8 T cells, when stim-
ulated with uvPV-loaded DCs or M�, are able to produce
IFN-� in the presence of PV antigens and, importantly, are
also cytolytic against infected cells. The phenotype of the CD8
T-cell populations strongly supports a role for these cells, also,
in the clearance of virus-infected cells. The demonstration of a
CD8 T-cell response also revises the common view that virus
clearance in PV-infected individuals is solely via the CD4 T-
cell/antibody pathways.

Consistent with the view that polio immunity is long lasting,
we were able to recover T cells from all of our donors, who
were vaccinated over two decades before our studies were
conducted. In addition, the ability to obtain PV-specific T cells
from uvPV-loaded M� suggests that these T cells are ex-
panded in vitro from low numbers of memory T cells present in
vivo (in OPV-vaccinated individuals) and do not represent
primary stimulated T cells from a naı̈ve population. This in-
terpretation is strongly supported by previous comparative
studies addressing the induction of antiviral proliferative and
cytotoxic responses in vitro by DCs and M� (12, 24, 25). A
possible caveat to the interpretation that these T-cell responses
result from OPV administration is that other enterovirus in-
fections may induce T-cell populations that cross-recognize PV
epitope sequences (27). However, because the donors did not
report previous histories of enterovirus disease and polio vac-
cination was the only common factor, we favor the interpreta-
tion that these T-cell populations result from polio vaccination.
Collectively, these results suggest that following PV vaccina-
tion, there is long-term persistence of not only PV-specific
memory CD4 T cells but also PV-specific memory CD8 T cells
and that the immune mechanisms associated with OPV admin-
istration involve both antibody production and cytotoxic CD4
and CD8 T-cell responses.

ACKNOWLEDGMENTS

This work was supported by Public Health Service grants AI22627
and AI42390 from the National Institute of Allergy and Infectious
Diseases.

We thank Usha Ponnappan and Mark Crew for helpful suggestions.
We would also like to thank the volunteers for their participation in
this study and Ashley Whitlow and Conrad Browning for excellent
technical assistance.

REFERENCES

1. Amigorena, S. 2002. Fc� receptors and cross-presentation in dendritic cells.
J. Exp. Med. 195:F1–F3.

2. Banchereau, J., F. Briere, C. Caux, J. Davoust, S. Lebecque, Y. J. Liu, B.
Pulendran, and K. Palucka. 2000. Immunobiology of dendritic cells. Annu.
Rev. Immunol. 18:767–811.

3. Binder, G. K., and D. E. Griffin. 2001. Interferon-gamma-mediated site-
specific clearance of alphavirus from CNS neurons. Science 293:303–306.

4. Cello, J., O. Strannegard, and B. Svennerholm. 1996. A study of the cellular
immune response to enteroviruses in humans: identification of cross-reactive

5994 WAHID ET AL. J. VIROL.



T cell epitopes on the structural proteins of enteroviruses. J. Gen. Virol.
77:2097–2108.

5. Deitz, S. B., D. A. Dodd, S. Cooper, P. Parham, and K. Kirkegaard. 2000.
MHC I-dependent antigen presentation is inhibited by poliovirus protein 3A.
Proc. Natl. Acad. Sci. USA 97:13790–13795.

6. Diedrich, S., H. Claus, and E. Schreier. 2002. Immunity status against po-
liomyelitis in Germany: determination of cut-off values in International
Units. BMC Infect. Dis. 2:2.

7. Doedens, J. R., and K. Kirkegaard. 1995. Inhibition of cellular protein
secretion by poliovirus proteins 2B and 3A. EMBO J. 14:894–907.

8. Fanger, N. A., K. Wardwell, L. Shen, T. F. Tedder, and P. M. Guyre. 1996.
Type I (CD64) and type II (CD32) Fc gamma receptor-mediated phagocy-
tosis by human blood dendritic cells. J. Immunol. 157:541–548.

9. Fonteneau, J. F., M. Gilliet, M. Larsson, I. Dasilva, C. Munz, Y. J. Liu, and
N. Bhardwaj. 2003. Activation of influenza virus-specific CD4� and CD8� T
cells: a new role for plasmacytoid dendritic cells in adaptive immunity. Blood
101:3520–3526.

10. Fox, J. P. 1984. Modes of action of poliovirus vaccines and relation to
resulting immunity. Rev. Infect. Dis. 6(Suppl. 2):S352–S355.

11. Gagnon, S. J., F. A. Ennis, and A. L. Rothman. 1999. Bystander target cell
lysis and cytokine production by dengue virus-specific human CD4� cyto-
toxic T-lymphocyte clones. J. Virol. 73:3623–3629.

12. Girvan, A., F. E. Aldwell, G. S. Buchan, L. Faulkner, and M. A. Baird. 2003.
Transfer of macrophage-derived mycobacterial antigens to dendritic cells
can induce naive T-cell activation. Scand. J. Immunol. 57:107–114.

13. Graham, S., E. C. Wang, O. Jenkins, and L. K. Borysiewicz. 1993. Analysis
of the human T-cell response to picornaviruses: identification of T-cell
epitopes close to B-cell epitopes in poliovirus. J. Virol. 67:1627–1637.

14. Guermonprez, P., J. Valladeau, L. Zitvogel, C. Thery, and S. Amigorena.
2002. Antigen presentation and T cell stimulation by dendritic cells. Annu.
Rev. Immunol. 20:621–667.

15. Hogg, K., G. Hogg, R. Lester, and E. Uren. 2002. Immunity to poliomyelitis
in Victorians. Aust. N. Z. J. Public Health 26:432–436.

16. Kataoka, T., N. Shinohara, H. Takayama, K. Takaku, S. Kondo, S. Yone-
hara, and K. Nagai. 1996. Concanamycin A, a powerful tool for character-
ization and estimation of contribution of perforin- and Fas-based lytic path-
ways in cell-mediated cytotoxicity. J. Immunol. 156:3678–3686.

17. Katrak, K., B. P. Mahon, P. D. Minor, and K. H. Mills. 1991. Cellular and
humoral immune responses to poliovirus in mice: a role for helper T cells in
heterotypic immunity to poliovirus. J. Gen. Virol. 72:1093–1098.

18. Khanolkar, A., H. Yagita, and M. J. Cannon. 2001. Preferential utilization of
the perforin/granzyme pathway for lysis of Epstein-Barr virus-transformed
lymphoblastoid cells by virus-specific CD4� T cells. Virology 287:79–88.

19. Kovacsovics-Bankowski, M., and K. L. Rock. 1995. A phagosome-to-cytosol
pathway for exogenous antigens presented on MHC class I molecules. Sci-
ence 267:243–246.

20. Krieg, C., R. Maier, and A. Meyerhans. 2004. Gut-homing (�4�7
�) Th1

memory responses after inactivated poliovirus immunization in poliovirus
orally pre-immunized donors. J. Gen. Virol. 85:1571–1579.

21. Kutubuddin, M., J. Simons, and M. Chow. 1992. Identification of T-helper
epitopes in the VP1 capsid protein of poliovirus. J. Virol. 66:3042–3047.

22. Larsson, M., J. F. Fonteneau, and N. Bhardwaj. 2003. Cross-presentation of
cell-associated antigens by dendritic cells. Curr. Top. Microbiol. Immunol.
276:261–275.

23. Leclerc, C., E. Deriaud, V. Mimic, and S. van der Werf. 1991. Identification
of a T-cell epitope adjacent to neutralization antigenic site 1 of poliovirus
type 1. J. Virol. 65:711–718.

24. Liu, L. M., and G. G. MacPherson. 1993. Antigen acquisition by dendritic
cells: intestinal dendritic cells acquire antigen administered orally and can
prime naive T cells in vivo. J. Exp. Med. 177:1299–1307.

25. Macatonia, S. E., P. M. Taylor, S. C. Knight, and B. A. Askonas. 1989.
Primary stimulation by dendritic cells induces antiviral proliferative and
cytotoxic T cell responses in vitro. J. Exp. Med. 169:1255–1264.

26. Mahon, B. P., K. Katrak, A. Nomoto, A. J. Macadam, P. D. Minor, and K. H.
Mills. 1995. Poliovirus-specific CD4� Th1 clones with both cytotoxic and
helper activity mediate protective humoral immunity against a lethal polio-
virus infection in transgenic mice expressing the human poliovirus receptor.
J. Exp. Med. 181:1285–1292.

27. Marttila, J., H. Hyoty, P. Vilja, T. Harkonen, A. Alho, M. Roivainen, T.
Hyypia, and J. Ilonen. 2002. T cell epitopes in coxsackievirus B4 structural
proteins concentrate in regions conserved between enteroviruses. Virology
293:217–224.

28. Mastroeni, I., A. M. Patti, A. Fabrizi, A. L. Santi, A. M. Manduca, N. Vescia,
S. Squarcione, and G. M. Fara. 1997. Immunity status against poliomyelitis
in persons 13–14 years old living in Rome. Vaccine 15:747–750.

29. Mossman, T. R., and R. L. Coffman. 1989. TH1 and TH2 cells: different
patterns of lymphokine secretion lead to different functional properties.
Annu. Rev. Immunol. 7:145–173.

30. Murray, P. D., D. B. McGavern, X. Lin, M. K. Njenga, J. Leibowitz, L. R.
Pease, and M. Rodriguez. 1998. Perforin-dependent neurologic injury in a
viral model of multiple sclerosis. J. Neurosci. 18:7306–7314.

31. Palucka, K., and J. Banchereau. 2002. How dendritic cells and microbes
interact to elicit or subvert protective immune responses. Curr. Opin. Im-
munol. 14:420–431.

32. Parra, B., D. R. Hinton, N. W. Marten, C. C. Bergmann, M. T. Lin, C. S.
Yang, and S. A. Stohlman. 1999. IFN-� is required for viral clearance from
central nervous system oligodendroglia. J. Immunol. 162:1641–1647.

33. Ramirez, M. C., and L. J. Sigal. 2002. Macrophages and dendritic cells use
the cytosolic pathway to rapidly cross-present antigen from live, vaccinia-
infected cells. J. Immunol. 169:6733–6742.

34. Romani, N., S. Gruner, D. Brang, E. Kampgen, A. Lenz, B. Trockenbacher,
G. Konwalinka, P. O. Fritsch, R. M. Steinman, and G. Schuler. 1994. Pro-
liferating dendritic cell progenitors in human blood. J. Exp. Med. 180:83–93.

35. Ronchese, F., and B. Hausmann. 1993. B lymphocytes in vivo fail to prime
naive T cells but can stimulate antigen-experienced T lymphocytes. J. Exp.
Med. 177:679–690.

36. Rossi, C. P., A. McAllister, M. Tanguy, D. Kagi, and M. Brahic. 1998.
Theiler’s virus infection of perforin-deficient mice. J. Virol. 72:4515–4519.

37. Russell, J. H., and T. J. Ley. 2002. Lymphocyte-mediated cytotoxicity. Annu.
Rev. Immunol. 20:323–370.

38. Santin, A. D., P. L. Hermonat, A. Ravaggi, M. Chiriva-Internati, M. J.
Cannon, J. C. Hiserodt, S. Pecorelli, and G. P. Parham. 1999. Expression of
surface antigens during the differentiation of human dendritic cells vs. mac-
rophages from blood monocytes in vitro. Immunobiology 200:187–204.

39. Sarnow, P. 1989. Role of 3�-end sequences in infectivity of poliovirus tran-
scripts made in vitro. J. Virol. 63:467–470.

40. Sher, A., and R. L. Coffman. 1992. Regulation of immunity to parasites by T
cells and T cell-derived cytokines. Annu. Rev. Immunol. 10:385–409.

41. Sigal, L. J., S. Crotty, R. Andino, and K. L. Rock. 1999. Cytotoxic T-cell
immunity to virus-infected non-haematopoietic cells requires presentation of
exogenous antigen. Nature 398:77–80.

42. Sigal, L. J., and K. L. Rock. 2000. Bone marrow-derived antigen-presenting
cells are required for the generation of cytotoxic T lymphocyte responses to
viruses and use transporter associated with antigen presentation (TAP)-
dependent and -independent pathways of antigen presentation. J. Exp. Med.
192:1143–1150.

43. Simons, J., M. Kutubuddin, and M. Chow. 1993. Characterization of polio-
virus-specific T lymphocytes in the peripheral blood of Sabin-vaccinated
humans. J. Virol. 67:1262–1268.

44. Singh-Jasuja, H., R. E. M. Toes, P. Spee, C. Munz, N. Hilf, S. P. Schoen-
berger, P. Ricciardi-Castagnoli, J. Neefjes, H. G. Rammensee, D. Arnold-
Schild, and H. Schild. 1999. Cross-presentation of glycoprotein 96-associ-
ated antigens on major histocompatibility complex class I molecules requires
receptor-mediated endocytosis. J. Exp. Med. 191:1965–1974.

45. Swartz, T. A., R. Handsher, Y. Manor, P. Stoeckel, A. Barkay, E. Mendelson,
and A. Leventhal. 1998. Immune response to an intercalated enhanced
inactivated polio vaccine/oral polio vaccine programme in Israel: impact on
the control of poliomyelitis. Vaccine 16:2090–2095.

46. Thimme, R., S. Wieland, C. Steiger, J. Ghrayeb, K. A. Reimann, R. H.
Purcell, and F. V. Chisari. 2003. CD8� T cells mediate viral clearance and
disease pathogenesis during acute hepatitis B virus infection. J. Virol. 77:
68–76.

47. Vekemans, J., M. O. Ota, E. C. Wang, M. Kidd, L. K. Borysiewicz, H.
Whittle, K. P. McAdam, G. Morgan, and A. Marchant. 2002. T cell responses
to vaccines in infants: defective IFN� production after oral polio vaccination.
Clin. Exp. Immunol. 127:495–498.

48. Wahid, R., M. J. Cannon, and M. Chow. 2005. Dendritic cells and macro-
phages are productively infected by poliovirus. J. Virol. 79:401–409.

49. Winter, P. A., J. D. Krynauw, and G. A. Marais. 1981. Artificial herd immu-
nity to poliomyelitis in a semirural community in South Africa. S. Afr. Med.
J. 60:889–890.

50. Yasukawa, M., H. Ohminami, Y. Yakushijin, J. Arai, A. Hasegawa, Y. Ishida,
and S. Fujita. 1999. Fas-independent cytotoxicity mediated by human CD4�

CTL directed against herpes simplex virus-infected cells. J. Immunol. 162:
6100–6106.

51. Zinkernagel, R. M., and A. Althage. 1977. Antiviral protection by virus-
immune cytotoxic T cells: infected target cells are lysed before infectious
virus progeny is assembled. J. Exp. Med. 145:644–651.

VOL. 79, 2005 POLIOVIRUS-SPECIFIC CD4� AND CD8� T CELLS 5995


